We investigated the determinants of hepatic clearance functions in a rat model of liver cirrhosis induced by phenobarbital/CCI4. Aminopyrine N-demethylation (ABT), galactose elimination (GBT), and serum bile acids (SBA) were determined in vivo. The livers were then characterized hemodynamically: intrahepatic shunting (IHS) was determined by microspheres and sinusoidal capillarization by measuring the extravascular albumin space (EVA) by a multiple indicator dilution technique. The intrinsic clearance was determined by assaying the activity of the rate-limiting enzymes in vitro. Hepatocellular volume (HCV) was measured by morphometry.
Introduction
Clearance of endo-and xenobiotics is one of the predominant functions ofthe liver; it is determined by hepatic perfusion and the so-called intrinsic clearance (1) , a measure ofthe metabolic capacity of the liver. In chronic liver disease, perfusion is altered both quantitatively and qualitatively. The amount of blood passing through the liver can be increased (2) but in end-stage liver disease is most often decreased (3) . Among the qualitative alterations the development of porto-systemic shunts (4) and sinusoidal capillarization (5) have been shown to be of prime importance.
Intrinsic clearance is dependent upon the enzymatic composition ofthe liver as well as on liver cell volume. The hepatic content of different enzymes has been shown to be decreased (6, 7) . In contrast, little data are available on liver cell volume. We have recently demonstrated a bimodal distribution of liver cell volume in animals with cirrhosis of the liver, about half having maintained and half having decreased liver cell volume (8) .
These changes, then, would one lead to expect a decreased clearance ofendo-and xenobiotics in chronic liver disease; this has indeed been demonstrated for a variety of substrates (9) (10) (11) (12) . Different theories have been forwarded to understand the determinants ofclearance function in chronic liver disease. The most encompassing, the so-called "intact cell hypothesis" states that a reduced volume of liver cells with a normal enzymatic makeup (intact cell) is only perfused in part due to the development ofportosystemic shunts (13). Measurement of all these variables is necessary, however, to better understand determinants of liver function.
We therefore quantitatively assessed different aspects of hepatic clearance function in a rat model of liver cirrhosis in vivo and correlated these measurements with different aspects of hepatic hemodynamics, enzymatic composition of the liver and morphometrically determined liver cell volume. The functional tests selected for characterization of cirrhosis included determination of serum bile acid levels, a purported measure of shunting (14) , aminopyrine N-demethylation (ABT),' an expression of microsomal metabolic capacity (15) and galactose elimination capacity, a supposed measure of functional liver volume (16) .
Methods
Materials. Male Sprague-Dawley rats were purchased from the Suddeutsche Versuchstierfarm, Tuttlingen, FRG, and kept on standard conditions. ['4C]Dimethylaminopyrine and 1-['4C]galactose were obtained from Amersham International, Buckinghamshire, UK, and diluted with unlabeled material to the specific activities given previously (17) .
[51Cr]Chromate sodium was obtained from New England Nuclear, Boston, MA; erythrocytes were labeled as previously described (18) . "Co-microspheres, diameter 15±1 jim and [14C]sucrose (sp act 673 mCi/mmol) were purchased from New England Nuclear. 9'Tcalbumin was prepared by reduction with stannous chloride. Bovine erythrocytes were obtained from the local slaughterhouse and washed five times with physiologic saline solution. BSA was fatty acid poor from Calbiochem-Behring Diagnostics, La Jolla, CA. All other reagents were analytical grade from different commercial sources.
Experimental design. Cirrhosis was induced in rats weighing 150-180 g by chronic exposure to phenobarbital and carbon tetrachloride for 12 wk according to McLean et al. (19) as previously described (18) ; treatment was withheld 2 wk before the study, a time sufficient for the phenobarbital effects to disappear (8) . Untreated littermates kept under identical conditions served as controls.
Aminopyrine and galactose metabolism were studied by breath tests previously described in detail from this laboratory (8, 17) On the third day, the animals were anesthetized with pentobarbital (50 mg/kg i.p.), a blood sample for determination of ALT, alkaline phosphatase and serum bile acids was obtained and portal pressure measured manometrically. Then, the animal was prepared for recirculating in situ liver perfusion as previously described (18) ; particular care was taken to ligate all potential extrahepatic collaterals. The perfusion medium consisted ofwashed bovine erythrocytes (20% vol/vol), BSA (2% wt/vol) and dextrose (0.1% wt/vol) in Krebs-Ringer bicarbonate buffer. It was carried out using a pressure-head (18) with pressure set at the portal pressure measured in vivo. ALT and potassium release into the perfusate were measured as criteria ofviability (18) . All reported experiments met those criteria.
After an equilibration period of 20 min, a set of multiple indicator dilution curves was obtained using 5tCr-labeled erythrocytes (0.5 MuCi)
as an intravascular and 99mTc-albumin (10 ,uCi) and [14C]sucrose (0.5 MCi) as extravascular markers (18) . To determine intrahepatic shunting, 40-50,000 microspheres were injected and shunt fraction determined according to Groszman et al. (20) .
Single pass extraction of ['4C]taurocholate (1 , uCi) , propranolol (1 mg), and aminopyrine (2.5 mg) was determined by injecting the compound into the portal vein and collecting the ensuing hepatic venous effluent for 2 min.
At the end of the perfusion experiment, the liver and spleen were removed and weighed. Then, the liver was subjected to rigorous systematic random sampling (21) with half of the liver being used for histological analysis and half for biochemical determinations of the rate-limiting enzymes in appropriate subcellular fractions (17) .
Microsomal fractions were prepared by differential centrifugation and the first 100,000 g supernatant taken as cytosolic fraction (8) . Cytochrome P-450 content and the kinetics of ABT were determined by methods referenced previously (8) in homogenate and in the microsomal fraction. Galactokinase activity was determined in the cytosolic fraction by a radiometric assay described by Shin-Buehring et al. (22) .
Five pieces of liver of 1 cm3 were selected at random as previously described (21) , fixed in buffered formalin (4% vol/vol), embedded in paraffin, cut and stained with hematoxylin-eosin and elastica-Van Gieson. Morphometry was carried out on the latter sections by the point counting procedure of Weibel (23) using a microscope with a sampling stage as previously described (8, 17) . Final Data and statistical analysis. The aminopyrine breath test was evaluated by determining the peak exhalation rate and the area under the curve of radioactivity excreted from 0 to 2 h (25); since both values yielded comparable results as to severity, only the area under the curve will be reported as ABTAUC. The galactose breath test was evaluated as previously described by determining the slope of the initial increase of the radioactivity vs. time curve; this will be reported as GBT-k (17) .
The multiple indicator dilution curves were expressed as frequency function, h(t); mean transit times (t) were calculated by classical indicator dilution theory (27) (2) where PF stands for plasma flow (PF = (I -Hct) * Q; 18). Extravascular sucrose space (EVS) was calculated in an analogous fashion by substituting tsuc for tALB in equation (2) . Extractions (E) were calculated as
where D and R stand for the amount given and recovered in the venous effluent, respectively. Bile acid clearance was calculated as the product of extraction and portal flow. Portal resistance (R) was calculated as
where F stands for portal flow and .ip for the pressure gradient across the liver; this was set equal to portal pressure since hepatic vein pressure was zero (18) . The morphometric data were expressed as volume fractions (V,) according to Weibel (23 The liver function tests in vivo, given also in Table I , showed serum ALT, alkaline phosphatase and bile acids to be elevated in the cirrhotic group. Galactose metabolism was not significantly altered while aminopyrine N-demethylation was markedly impaired (Table I) .
The hemodynamic measurements are reported in Table II .
All except one of the cirrhotic animals had portal hypertension (portal pressure> 10 cm H20) as measured in vivo. The livers were perfused in situ at the portal pressure measured in vivo; (Table II) . Results ofa set ofindicator dilution curves in a control and a cirrhotic rat liver are shown in Fig. 1 . The control animal shows the classical pattern seen in normal liver, i.e., the extravascular indicators, albumin and sucrose, are delayed compared to the erythrocyte curve due to their larger distribution into the space of Disse. In the cirrhotic liver, by contrast, the albumin curve is almost superimposed upon the erythrocyte curve since the exchange of albumin is hindered while the sucrose curve shows evidence of diffusional exchange. This pattern has been shown to be due to sinusoidal capillarization (5, 18, 30) . All but three cirrhotic animals showed evidence of marked sinusoidal capillarization by this technique. The spaces calculated from these curves are shown in Table III. While there was no difference in erythrocyte space between the two groups, the extravascular albumin space was markedly reduced and the extravascular sucrose space increased in the cirrhotic group (Table III) .
The single pass extraction of all three substances tested, taurocholate, propranolol, and aminopyrine, was significantly in ABT activity was due solely to a decrease in Vm., Km being unaffected (Table IV) . Microscopic examination of control livers showed a normal lobular architecture with cell plates one cell thick. Hepatocellular structure was preserved. Treated animals, by contrast, showed micronodular cirrhosis in all 16 animals with diffuse fibrous septae envelopping nodules of hepatocytes. The hepatocyte structure was well preserved, necrosis or fatty metamorphosis involving < 1% of the cells. Central veins, when discernible, were displaced towards the periphery of the nodules. A moderately pronounced ductular proliferation was seen in the portal tracts of treated animals.
The quantitative data on histology are reported in Table V . The most striking finding was a significant reduction in both, relative and absolute hepatocellular volume which was compensated for by a seven-and fivefold increase in connective tissue and bile ducts, respectively. Hepatocellular volume fraction showed a bimodal distribution (Fig. 2) with 5/16 animals having a normal V,. The same held true for absolute hepatocellular volume but 8/16 cirrhotic animals having a maintained hepatocellular volume (Fig. 2) .
The determinants of the different liver function tests were then evaluated by stepwise logistic regression analysis. The different determinants of serum bile acid levels are shown in Fig. 3 . The conventional liver tests (ALT), the extravascular albumin and sucrose space, taurocholate extraction, bile acid clearance, shunt fraction, (PF), portal pressure, and hepatocellular volume were analyzed. Although different parameters showed a statistically significant correlation with serum bile acid levels (see Fig. 3 ), the model selected intrahepatic shunting as the sole determinant (Fig. 3 A) .
The determinants of the aminopyrine breath test in vivo are shown in Fig. 4 . Instead oftaurocholate extraction and bile acid clearance, cytochrome P-450 content, intrinsic clearance and aminopyrine extraction were analyzed. All aspects of microsomal function showed a statistically significant correlation with the aminopyrine breath test as did aminopyrine extraction. Logistic regression analysis selected the EVA and PF as sole determinants, however.
In the analysis of the galactose breath test the microsomal parameters were replaced by galactokinase activity, the other parameters being the same as above. Again, the activity of the rate-limiting enzyme correlated with the galactose breath test as did hepatocellular volume (Fig. 5) . Logistic regression analysis picked the same parameters as for the aminopyrine breath (5) and rats ( 18, 30) ; our investigation is the first to clearly show that sinusoidal capillarization is a factor more important than intrinsic clearance or hepatocellular volume for both a microsomal and a cytosolic liver function test. We have arbitrarily selected the extravascular albumin space as a dynamic measure of sinusoidal capillarization; this seems justified in view of the correlation shown in cirrhotic man between the reduction in extracellular albumin space and sinusoidal capillarization (5) . Neither aminopyrine nor galactose are extensively albumin bound; therefore, we do not mean to imply causality from the correlation but rather that the extravascular albumin space measures an important aspect of the distortion of microvascular exchange in cirrhotic liver. The dependence of both functions on flow is more difficult to understand. Neither substance is thought to be cleared from the liver by a flow-limited regimen (1, 15, 16) . Aminopyrine has recently been shown to have an extraction much higher than initially believed (31), a result confirmed in this study; nevertheless, in cirrhotic animals extraction was < 50% (Table III) and therefore one would not expect the clearance of the compound to depend on flow (1) . In line with this is the fact that flow alone did not correlate with either aminopyrine (Fig. 4) or galactose (Fig. 5 ) metabolism. It is tempting to suggest, then, that volume of flow and extravascular albumin space are independent aspects of the reduction in "nutritional flow" to the liver and are the main determinants of these two metabolic functions.
The aminopyrine breath test has been shown to accurately reflect microsomal N-demethylation in the rat (15) ; in man it has been shown to be of utility in assessing severity of the disease (10) at least as well as the Child classification (32) and to have prognostic value in alcoholic liver disease and chronic hepatitis (33, 34) . The same has been shown by our group in another model of liver cirrhosis in the rat (17) . We have also demonstrated that it correlates well with morphometrically determined hepatocellular volume (8) a finding confirmed in the present study (Fig. 4) . In agreement with earlier studies intrinsic clearance of aminopyrine, assessed by directly measuring activity of microsomal N-demethylase activity, was reduced mainly due to a decrease in Vm. (8, 35) and correlated with in vivo aminopyrine metabolism (8) . Different investigators have held a reduction in intrinsic clearance to be the main factor explaining decreased drug metabolism in cirrhosis both in man (12, 35) and rat (36) . This is not in contradiction to our The galactose elimination capacity, the olde liver function test, is supposed to measure func cellular volume in man (16) ; in a morphometr other animal model of liver cirrhosis, we founc relation between galactose elimination capacit) metrically determined hepatocellular volume confirmed in the present study (Fig. 5) . This i; with the correlation shown between galactose el liver volume after different degrees of hepatic re (37) . Multivariate analysis selected again extra min space and hepatic perfusion rather than th enzyme or hepatocellular volume, however. I this finding is supported by the excellent corre the two liver function tests.
Galactose elimination capacity is thought t tocellular volume and under saturating conditi pendent of hepatic perfusion ( 16) (14) . Spillover into the systemic circulation due to intrahepatic shunting has been capillarization identified as the main determinant of serum bile acid levels in analysis been patients with chronic liver disease (46). In contrast, Poupon et al. found the intrinsic clearance to be the main determinant of 3st quantitative bile acid levels in patients with liver cirrhosis and a portacaval ctional hepato-shunt (47); they did not measure intrahepatic shunt, however, ic study in an-and speculated that it was presumably low in some of their I excellent cor-patients. We have previously described defective uptake of bile y and morpho-acids in hepatocytes isolated from cirrhotic rats (48). Both, (17), a finding extraction and bile acid clearance, correlated with serum bile s in agreement acid levels (Fig. 3) in line with the studies suggesting a correlalimination and tion with intrinsic clearance (47, 48) . section in man
In man, determination of serum bile acid levels has been Lvascular albu-found to be a very sensitive indicator of chronic liver disease ie rate-limiting (49, 50) and to be of better prognostic value than the Childrhe validity of Turcotte classification (51) or conventional liver tests (33) . lation between Our results suggest that serum bile acid level determination might convey additional information to that contained in the to reflect hepa-assessment of a microsomal or cytosolic function.
ons to be indeMorphometric analysis of the liver showed hepatocellular in normal liver volume to be bimodally distributed (Fig. 2) a previous publication from our laboratory (8 (8, 17, 30, 35) . The biological reasons for this heterogeneity are unknown at present. Some potential insight might be gained by our analysis of the determinants of hepatocellular volume (Fig. 6) . By far the best correlation was seen with cytochrome P-450 content. This is not surprising in view of our previous observation that the cirrhosis model induced by chronic exposure to phenobarbital and carbon tetrachloride is compatible with the intact cell hypothesis (8 (8, 17) ; the best correlation was seen with the intrahepatic shunt fraction, however (Fig. 6 ). In the logistic regression model, shunt fraction and PF were selected as the best determinants of hepatocellular volume.
Shunt alone was an excellent predictor of hepatic volume showing an inverse relationship (r = -0.783, Fig. 6 B) . This is not surprising in view of the fact that diversion of PF leads to hepatic atrophy (53-55). In this context, it is ofinterest to note that in a model of congenital hepatic portosystemic shunting, Bioulac-Sage described not only atrophy as seen with surgical shunts, but also the development of capillaries extending from the portal tracts in the hepatocellular parenchyma (56) . The inverse relationship between hepatocellular volume and PF is more difficult to understand. Intact PF is necessary to maintain liver volume (57); therefore, one would predict a positive relationship between the two. It could be argued that PF and IHS are not independent parameters; there was no statistical correlation between the two, however (r = 0.292; data not shown). An alternative explanation could be that the animals with the highest PF were those with the most marked hyperdynamic circulation and, therefore, the most advanced disease (58, 59) . Such a relationship could not be ascertained from our data. Cardiac output or noradrenaline levels should be determined to further follow up on this possibility.
In conclusion, our study correlating different aspects of hepatic function with hemodynamic and morphometrically determined structural parameters of rats with liver cirrhosis has identified sinusoidal capillarization and flow as the most important determinants of both, a microsomal and cytosolic function. By contrast, IHS is the main determinant of serum bile acid levels. IHS and PF are the main determinants of hepatocellular volume. Review of the literature shows that the findings reported here appear to be applicable to man. Further studies are needed to better correlate function with microcirculation in human liver. It also remains to be shown whether these relationships hold for liver disease of different etiologies. Finally, in future therapeutic investigations, the possibility to improve the microvascular exchange of substances and to maintain portal perfusion should be aggressively pursued.
